Enteric fever affects more than 25 million people annually and results from systemic infection with Salmonella enterica serovar Typhi or Paratyphi pathovars A, B or C 1 . We conducted a genome-wide association study of 432 individuals with blood culture-confirmed enteric fever and 2,011 controls from Vietnam. We observed strong association at rs7765379 (odds ratio (OR) for the minor allele = 0.18, P = 4.5 × 10 −10 ), a marker mapping to the HLA class II region, in proximity to HLA-DQB1 and HLA-DRB1. We replicated this association in 595 enteric fever cases and 386 controls from Nepal and also in a second independent collection of 151 cases and 668 controls from Vietnam. Imputation-based fine-mapping across the extended MHC region showed that the classical HLA-DRB1*04:05 allele (OR = 0.14, P = 2.60 × 10 −11 ) could entirely explain the association at rs7765379, thus implicating HLA-DRB1 as a major contributor to resistance against enteric fever, presumably through antigen presentation.
Enteric (typhoid) fever remains a considerable public health problem worldwide. It has been estimated that there are 26.9 million new enteric fever infections per year globally, with 200,000 deaths 1, 2 . Individuals are normally infected with the causative agents (S. enterica Typhi (hereafter, S. Typhi) and S. enterica Paratyphi (hereafter, S. Paratyphi) pathovars) after the consumption of fecally contaminated food or water. Although industrialization, improvements in sanitation and the provision of clean water have effectively mitigated the disease burden in many countries 3, 4 , enteric fever continues to be endemic in many lower-income countries. Protective vaccines against S. Typhi exist, but they have limited efficacy and are not suitable for young children (who represent the most at-risk group). Consequently, these vaccines are not widely deployed in the populations with the greatest need. Notably, there is currently no licensed vaccine against enteric fever caused by S. Paratyphi pathovars, potentially constituting a huge problem as the incidence of S. Paratyphi A infection is increasing in many countries across Asia 5, 6 .
The interface between the human host and the pathogen likely has a critical role in determining outcome during an enteric fever infection. The genetic variability of the most common agent of enteric fever (S. Typhi) together with its virulence mechanisms and epidemiology have been investigated in detail 7, 8 , whereas little is known about the human host determinants influencing susceptibility to enteric fever. There are a number of very rare genetic diseases, for example, Variation at HLA-DRB1 is associated with resistance to enteric fever l e t t e r s mediated by mutations in the interleukin (IL)-12 or interferon (IFN)-γ pathways, that result in hypersusceptibility to non-typhoidal Salmonella and other intracellular bacteria 9 , but the corresponding mutations have not, as yet, been associated with enteric fever susceptibility. Candidate gene studies [10] [11] [12] [13] have been compromised by limited sample size and consequent lack of power to identify robust associations 14 .
To further evaluate the role of host genetics in susceptibility to enteric fever, we performed a genome-wide association study (GWAS) on 432 individuals with blood culture-confirmed S. Typhi infection and 2,011 controls from Vietnam. These same cases and controls also underwent a second round of genotyping using the Illumina HumanExome BeadChip 15 (Online Methods). An overall association analysis across all SNP markers tested showed little evidence of global test statistic inflation (λ GC = 1.05; Supplementary Fig. 1 ), suggesting that cryptic population stratification between enteric fever cases and controls was minimal. This finding was indeed supported by principalcomponents analysis of all subjects (Supplementary Figs. 2 and 3,  Supplementary Tables 1 and 2 , and Supplementary Note). The strongest evidence for association mapped to SNP rs7765379 at the class II human leukocyte antigen (HLA) region near the HLA-DQB1 and HLA-DRB1 genes (HLA-DRB1 mRNA, NM_002124; HLA-DQB1 mRNA, NM_002123). The minor allele of rs7765379 was underrepresented in enteric fever cases (frequency = 1.04%) with respect to the control subjects (frequency = 5.5%; OR = 0.18, P = 4.5 × 10 −10 ; Table 1 ). We also identified a second SNP marker exceeding genomewide significance at rs6841458, which mapped near GUCY1A3 on chromosome 4 (OR = 1.55, P = 3.3 × 10 −8 ). No other genomic region exhibited significant evidence of association (P > 5 × 10 −7 ; Supplementary Figs. 4 and 5) .
We attempted to replicate the associations observed at rs7765379 in the major histocompatibility complex (MHC) region and the GUCY1A3 variant rs6841458 in an independent collection of 595 enteric fever cases and 386 geographically matched controls from Nepal (Online Methods). We observed significant evidence of replication for rs7765379: the minor allele was again under-represented in the cases (frequency = 1.36%) in comparison to the controls (frequency = 3.9%; OR = 0.34, P = 7.0 × 10 −4 ), a finding consistent with the discovery results ( Table 1) . However, the association with the GUCY1A3 rs6841458 marker on chromosome 4 (OR = 0.97, P = 0.71) did not replicate (Supplementary Table 3 ). As the Nepal replication collection comprised groups with diverse ancestry for cases and controls, which could confound the association analysis, we reanalyzed the association between rs7765379 and enteric fever with stratification for self-reported ancestry using previously described methods 16 . The association observed remained robust and consistent across all ancestry groups where the marker was polymorphic (Supplementary Table 4 ). We also did not observe any difference in the magnitude of the association when the analysis was stratified for S. Typhi or S. Paratyphi A (Online Methods and Supplementary Table 5 ).
To provide additional confidence in the observed association at rs7765379, we performed further replication in samples originating from 151 individuals with enteric fever and 668 controls independently enrolled in Vietnam. We again observed significant association at rs7765379 (OR = 0.18, P = 1.3 × 10 −4 ; Table 1 ). Meta-analysis of the data from the discovery and both replication collections showed a genome-wide significant association at rs7765379: the minor allele was associated with 4.55-fold increased resistance to enteric fever (OR meta = 0.22, P meta = 2.29 × 10 −13 ; Table 1 ).
We next explored the possibility that the association at rs7765379 might be driven by functional variation within the classical HLA genes, which might not have been directly captured by the GWAS. To this end, we performed statistical imputation of classical HLA alleles and their corresponding amino acid polymorphisms using a combined reference panel of East Asian and European individuals with previously described methodologies [17] [18] [19] (Online Methods). We observed the strongest association with the classical HLA-DRB1*04:05 allele (OR = 0.14, P = 2.60 × 10 −11 ; Fig. 1 ), which was unsurprisingly in tight linkage disequilibrium (LD) with rs7765379 (r 2 = 0.83). The association at this four-digit allele was more significant than any associations at SNPs or amino acid polymorphisms (Supplementary Table 6 ). We also performed omnibus tests for association at each amino acid position encoded by eight HLA genes to examine whether multiallelic polymorphism at any amino acid position could explain the association better 20 . None of the omnibus test P values were more significant than the P value for HLA-DRB1*04:05. After we adjusted for the effect of HLA-DRB1*04:05, no other variant remained significant (P > 1 × 10 −6 ) 21 , including rs7765379 (adjusted P = 0.62; Supplementary Table 6 ). In contrast, after we adjusted for the effect of rs7765379, there was still a nominally significant association for the HLA-DRB1*04:05 allele (adjusted P = 0.016), making it more likely that the HLA-DRB1*04:05 allele is a driving factor for this observed HLA association signal. To verify the accuracy of our imputation, we performed HLA typing for 140 individuals from the Vietnam GWAS discovery collection. The allelic concordance between the typed and imputed alleles for HLA-DRB1*04:05 was 99.3%, thus reflecting the robustness of our imputation. Taking the directly typed HLA alleles as the 'gold standard' , the sensitivity of the imputation was measured at 100% while the specificity of the imputation was 98.8% (refs. 17,22) . Although our imputation accuracy was very high, we note that imputation errors normally result in loss of statistical power 23 and thus reduce the degree of statistical significance observed.
The Salmonellae are a genus of facultative intracellular pathogens with the ability to survive and replicate in an array of phagocytic and non-phagocytic cells by residing in a specialized cellular compartment, named the Salmonella-containing vacuole (SCV) 24, 25 . The intracellular survival and replication of Salmonella is critical for virulence and essential for systemic disease 26 . Salmonella inject bacterial-derived effector proteins into host cells, such as macrophages, to influence host cell activation and promote bacterial survival. npg l e t t e r s
Additionally, Salmonella use dendritic cells for dissemination and restrict the ability of these cells to process antigens and present peptides 27 . Enteric fever is the most severe manifestation of Salmonella infection in humans. It is fatal in 10-25% of patients without antimicrobial treatment, and surviving patients have longer fever clearance times and more severe clinical complications than those that received antimicrobial therapy 28 . This variability in disease severity and outcome is presumably dependent on external and environmental factors, such as exposure and the virulence of the pathogen, and host factors, such as variation in innate and adaptive immune responses during exposure and acute infection. The intimate and streamlined relationship between the human host and the invading Salmonella, in which the bacteria attempt to establish infection in the face of an immune response from the host 29 , represents a fine balance in terms of pathogenicity. HLA-DRB1 encodes the β chain of HLA-DR and belongs to the HLA class II molecules, which present antigen to CD4 + T lymphocytes. Variation in HLA-DR might affect the capacity of the HLA class II molecules to present antigen, which might in turn result in a differential immune response. Here we show that HLA-DRB1*04:05 is strongly protective against enteric fever. Presence of the HLA-DRB1*04:05 allele might tip the poise of pathogenicity between the invading pathogen and host immune response toward the human host, resulting in as much as fivefold greater protection from enteric fever. The minor allele of rs7765379 that we observed to confer resistance to enteric fever has previously been shown to strongly associate with increased susceptibility to Crohn's disease and rheumatoid arthritis 30, 31 . This observation is consistent with the possible counterbalancing effects between determinants of infectious disease susceptibility and potential autoimmunity in the host 32, 33 and perhaps more so with genetic determinants exerting as strong an effect as HLA molecules. The unequivocal detection of positive signals of evolutionary selection in the HLA region can be complicated by the presence of balancing selection occurring at this locus 34 , so further efforts will be needed to explore the contribution of these opposing forces in depth.
Thus far, there have been few published GWAS of infectious disease susceptibility in comparison to other genetic traits and noncommunicable diseases 14, 17, [35] [36] [37] [38] [39] [40] . In published studies of infectious disease susceptibility, the HLA region has been positively identified as encoding host factors for HIV control (but not for susceptibility to HIV infection itself) 29 , leprosy, visceral leishmaniasis and chronic hepatitis B virus infection. Conversely, there was no signal of association implicating the HLA region for other infectious diseases such as meningococcal sepsis, dengue, tuberculosis and malaria. Before the introduction of technological advances permitting GWAS, candidate gene studies interrogating the involvement of the broad MHC region found variable evidence of associations in individuals with enteric fever at the class II and III regions without having the statistical power to be conclusive [11] [12] [13] . Our previous study on 111 enteric fever cases and 77 controls in Vietnam showed evidence of association implicating HLA-DRB1*04 in resistance against enteric fever (P = 0.02), but this finding was not robust to correction for multiple testing 11 . We were able to confirm this association with HLA-DRB1*04 in our current Vietnamese GWAS discovery collection (OR = 0.33, P = 1.5 × 10 −9 ; Supplementary Table 6 ). This association is specifically driven by HLA-DRB1*04:05 (OR = 0.14, P = 2.6 × 10 −11 ; Supplementary Table 6), as performing the association analysis conditioning for the allele dosage of HLA-DRB1*04:05 extinguished all evidence of association seen at HLA-DRB1*04 (P conditioned = 0.056).
To our knowledge, this study is the first large-scale, unbiased effort to investigate host genetic factors associated with enteric fever, providing strong evidence for a role for HLA-DRB1*04:05 as a protective factor against enteric fever. Our data document one of the more substantial effect sizes (averaging nearly ~5-fold greater resistance against disease for the minor allele) reported thus far for any genetic locus determining human susceptibility to an infectious disease. Further attention should now be focused on determining the precise nature of HLA class II variation in determining susceptibility to enteric fever and other invasive bacterial pathogens, thus offering the potential to contribute to improvements in the rational design of vaccines for enteric fever and other serious bacterial infections.
URLs. R statistical software, http://www.r-project.org/; IMPUTE2, http://mathgen.stats.ox.ac.uk/impute/impute_v2.html; SNP2HLA, https://www.broadinstitute.org/mpg/snp2hla/.
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Enteric fever cases and population controls. DNA samples from individuals with enteric fever (Vietnam, n = 432 for the GWAS discovery stage and n = 151 for replication; Nepal, n = 595 for replication) were collected as part of larger epidemiological or clinical studies. Individuals with enteric fever were defined as children or adults with clinical signs and symptoms of enteric fever with culture-confirmed S. Typhi or S. Paratyphi A in their blood or bone marrow. In Vietnam, >99% of cases were infected with S. Typhi, whereas, in Nepal, 68% (402/595) of cases were colonized with S. Typhi and 32% (188/595) were colonized with S. Paratyphi A. Blood samples for research were collected at the time of study enrollment, and demographic and clinical information was recorded into case report forms for the duration of the hospital stay or study. The clinical studies in Vietnam were performed between 1992 and 2002 at the Hospital for Tropical Diseases in Ho Chi Minh City, the Dong Nai Pediatric Centre in Dong Nai Province and the Dong Thap Provincial Hospital in Dong Thap Province, Vietnam, and have been described previously [44] [45] [46] [47] [48] . In Nepal, the clinical studies were performed between 2005 and 2014 at Patan Hospital, Kathmandu, and have been described previously [49] [50] [51] .
The population control individuals from Vietnam and Kathmandu were cord blood controls. In Vietnam, cord blood control samples (n = 2,011 for the GWAS discovery stage and n = 668 for the replication stage) were collected from babies born between 2003 and 2012 at Hung Vuong Obstetric Hospital in Ho Chi Minh City and Dong Thap Hospital in Dong Thap province. In Nepal, cord blood samples (n = 386) were collected at Patan Hospital, Kathmandu, between 2008 and 2012. All cases and controls were unrelated, and the majority of Vietnamese individuals were of Vietnamese Kinh ancestry (>98%), as assessed by questionnaire. There was more ancestry diversity within the Nepalese cases and controls, where individuals self-reported as 1 of 15 different ancestry groups. Genomic DNA was extracted from blood samples using the Qiagen blood midi or maxi kits (Qiagen) or the Nucleon BACC genomic DNA extraction kits (GE Healthcare). The treating physician was responsible for obtaining informed consent from the patients or their parent or guardian for clinical study participation and from the baby's mother for population controls. Informed consent was obtained from all subjects involved in this research. Genotyping. Genome-wide genotyping for the Vietnamese enteric fever cases and cord blood controls was performed using the Illumina OmniExpress BeadChip and Illumina 660W BeadChip, which have been very well described 40 . These samples also underwent exome-wide genotyping using the Illumina Human Exome BeadChip, which assays for 247,870 SNP markers enriched in the coding exome, following the manufacturer's specifications. Replication genotyping for the independently enrolled cases and controls from Nepal and Vietnam was performed with TaqMan allelic discrimination assays (Applied Biosystems) using routine laboratory techniques described elsewhere 40 .
Statistical analysis. Stringent quality control filters were used to remove poorly performing samples and SNP markers in both the discovery (GWAS and exome chip) and replication (de novo genotyping) phases. SNPs with a call rate of <95%, non-polymorphic SNP markers and those showing significant deviation from Hardy-Weinberg equilibrium (P value for deviation of <1 × 10 −6 ) were removed from further statistical analysis. For the exome chip that contained nonsynonymous variants, SNPs that were not monomorphic (corresponding to at least one heterozygous carrier individual) were included for downstream analysis. For the GWAS chip, SNPs with a MAF of >1% were included for downstream analysis. A total of 709,725 markers passed quality control filters in this manner (642,445 from the GWAS chip and 67,280 from the exome chip).
Similarly stringent quality control criteria were also applied on a per-sample basis, and samples with an overall genotyping success rate of <95% were removed from further analysis. The remaining samples were then subjected to biological relationship verification using the principle of variability in allele sharing according to the degree of relationship. Identity-by-state (IBS) information was derived using the PLINK software package 52 . For those pairs of individuals who showed evidence of relatedness reflecting pairs of first-degree relatives (for example, a parent and offspring, full siblings or monozygotic twins), we removed the sample with the lower call rate before performing principal-component analysis. Principal-component analysis was undertaken to account for spurious associations resulting from ancestral differences for individual SNPs, and principal-component plots were generated using the R statistical program. For the discovery stage, all enteric fever cases had perfectly matched controls, as visualized spatially on principal-component analysis (Supplementary Fig. 2) , using previously reported criteria 53 .
For both the discovery and replication stages, analysis of association contrasting SNP genotypes between enteric fever cases and controls was carried out using logistic regression, with adjustment for the first ten principal components of genetic stratification. This test models for a trend-per-copy effect of the minor allele on disease risk. The association P value was obtained by a log-likelihood ratio test comparing the likelihood of the null model against the likelihood of the fitted model. We verified non-departure from the additive genetic model by additionally performing the conventional trend test. Genotyping cluster plots for genetic markers surpassing genome-wide significance at the discovery stage were visually checked and verified to be of good quality (Supplementary Figs. 6 and 7) .
Genome-wide imputation was performed using IMPUTE2 software (see URLs) with the 1000 Genomes Project reference panel 54 .
HLA imputation and association analysis. We imputed classical HLA alleles and corresponding amino acid polymorphisms using a combined Asian and European reference panel with high-density SNP genotypes and 4-digit classical HLA allele genotypes (530 Asian individuals and 5,225 European individuals) using SNP2HLA software (see URLs), as described elsewhere 18, 19, 22 . We extracted SNP genotypes located in the broad MHC region (chr. For the association analysis, we used a logistic regression model assuming additive effects of allele dosages on the log-odds scale. We defined HLA variants to include biallelic SNPs in the MHC region, two-digit and four-digit classical HLA alleles, biallelic amino acid polymorphisms and multiallelic amino acid positions. To account for potential population substructure, we included the top ten principal components as covariates. For HLA variants with m alleles (m = 2 for biallelic variants and m > 2 for multiallelic variants), we included m -1 alleles as independent variables in the regression model, excluding the most frequent allele as a reference. This resulted in the following logistic regression model: where β 0 is the logistic regression intercept, β 1,j is the additive effects of the dosage of allele j for the variant x j , L is the number of principal components enrolled in the analysis, y l is the lth principal component and β 2,l is the effect of y l . An omnibus P value was obtained by a log-likelihood ratio test comparing the likelihood of the null model against the likelihood of the fitted model. We further assessed the significance of the improvement in fit by calculating the deviance (= −2 times the log likelihood), which follows a χ 2 distribution with m -1 degree(s) of freedom.
Statistical power calculation for the replication stage. Statistical power calculations were performed using previously described approaches for complex disease genetic studies 55 . To observe a reasonably convincing replication (for example, at P < 0.001), our approach comprising a first-stage replication using 595 enteric fever cases and 386 controls from Nepal and a second-stage replication using 151 enteric fever cases and 668 controls from Vietnam would be able to reliably detect (>90% power) modest genetic effects (OR > 1.5-1.6) at MAFs in excess of 20%. For strong genetic effects with OR > 3, the replication stages were sufficiently powered to detect these even at MAFs as low as 5% (Supplementary Table 7) . Thus, for potential true positive associations to npg
